Purpose: To investigate fundus abnormalities in Vogt-Koyanagi-Harada (VKH) disease by a noninvasive tool, multispectral imaging (MSI). Methods: A total of 77 patients with VKH and 163 healthy controls were enrolled between January and April 2015. The MSI findings were evaluated in combination with fundus fluorescein angiography (FFA), optical coherent tomography (OCT) and fundus photography (FP). Additionally, we compared extent of exposure of choroidal blood vessels between patients with VKH and healthy controls to evaluate retinal transmission function. Results: A number of features could be recognized by MSI which included (i) general depigmentation, (ii) clumping of pigment and (iii) macular depigmentation and/or hyperpigmentation. The percentages of these three abnormalities discovered by MSI in 52 inactive VKH patients with a duration of more than 2 months in VKH were 67.3%, 75% and 84.6% respectively, which were all significantly higher than those detected by FFA, OCT or FP (p = 0.0398, p < 0.0001). Our study showed that MSI detected a higher percentages of these four abnormalities in patients with sunset glow fundus than in patients without this phenomenon (p = 0.0492, p < 0.0001). Additionally, at the same wavelength (590 nm), exposure of choroidal blood vessels in inactive patients was stronger than in healthy controls and active patients (p < 0.01, p < 0.001). Conclusion: Our results show that MSI is a sensitive noninvasive method to investigate the retinal pigment epithelium (RPE) in VKH disease. It is more likely to detect RPE abnormalities with MSI than when using FFA, OCT or FP. Retinal transmission function in inactive patients is stronger than that observed in active patients or healthy controls.
Introduction
Vogt-Koyanagi-Harada (VKH) disease is a bilateral chronic, diffuse granulomatous panuveitis mediated by an autoimmune attack against pigmented cells by T lymphocytes (Moorthy et al. 1995; Rao 1997; Fang & Yang 2008) . In the acute uveitic stage, typical histopathological features of VKH disease include a granulomatous panuveitis with exudative retinal detachment. The multifocal exudative retinal detachment is often associated with damage of the RPE cell layer. In the convalescent (chronic) stage, the choroid becomes depigmented which appears as the characteristic 'sunset glow' fundus in VKH. In the chronic recurrent stage, chorioretinal adhesions, with atrophy and/or proliferation of RPE, are common. The proliferation of RPE, having the clinical appearance of hyperpigmented changes on ophthalmoscopy, may be accompanied by the formation of subretinal neovascular membranes or subretinal fibrosis (Beniz et al. 1991; Moorthy et al. 1995; Inomata & Rao 2001; Rao 2007) . Subretinal neovascular membranes and subretinal fibrosis can result in vision loss (Inomata & Rao 2001; Read et al. 2001a,b; Rao 2007) .
The histopathology as well as the clinical features of VKH disease change with time after disease onset. In Chinese, patients with VKH disease, the disease starts with a posterior uveitis stage and a generalized choroiditis within about 2 weeks after uveitis onset. If the inflammation is not well controlled with adequate therapy during the first 2 weeks, the anterior segment often becomes involved in the time period between 2 weeks and 2 months after disease onset. Approximately 2 months after uveitis onset, the disease eventually evolves into a recurrent granulomatous anterior uveitis stage which is often accompanied by a bright orange-red fundus also called 'sunset glow fundus' (Yang et al. 2007; Fang & Yang 2008) .
Accessory examinations including FFA, OCT, indocyanine green angiography (ICGA) and FP are helpful to evaluate the ocular changes in VKH disease (Moorthy et al. 1995; Parc et al. 2005; Arellanes-Garcia et al. 2007; Vasconcelos-Santos et al. 2010; Abouammoh et al. 2016; Takemoto et al. 2016 ). However, the fundus examination tools mentioned above, all have several limitations. For example, FP cannot directly detect changes of the RPE due to the used wavelength which ranges between 480 and 600 nm (Hassenstein & Meyer 2009 ). Fundus fluorescein angiography (FFA), as an invasive tool, has a small chance of life-threatening events (Ha et al. 2014) . Optical coherent tomography (OCT) mostly offers horizontal cross-sectional images leading to a limited view of the inflammatory events in VKH (Hassenstein & Meyer 2009) .
Multispectral imaging (MSI) is a novel noninvasive, coronal imaging technique that can reveal morphological features of the retina that were hitherto not possible and may thus offer new options for the evaluation of retinal diseases (Everdell et al. 2010; Calcagni et al. 2011) . Multispectral imaging (MSI) employs specific individual monochromatic light emitting diodes (LEDs) in an expanded range of wavelengths between 550 nm and 850 nm, which can create discrete spectral slices of the retina. Filters are used to provide a further precision in spectral shaping of each slice and can be used to identify clinically relevant absorbers or structures within the retina. Examples of such absorbing structures include blood, haemoglobin, lipid and pigments such as melanin. Melanin, which is an important component of the RPE, absorbs light of longer wavelengths (red and infrareds) (Styles et al. 2006; Everdell et al. 2010 ). Short wavelength LEDs such as the greens become absorbed superficially and do not penetrate very deeply into the retina, whereas the longer wavelengths such as the reds bypass shallower structures and are absorbed by the deeper melanin in the RPE layer and may reveal the deep retinal architecture (Stark et al. 2005; Styles et al. 2006; Everdell et al. 2010; Calcagni et al. 2011) .
Multispectral imaging (MSI) has now been used in a variety of retinal disorders, (Gallego-Pinazo et al. 2013; Bhavsar et al. 2015; Pang et al. 2015; Zhang et al. 2015) but its application in VKH disease has not yet been reported. As the RPE is affected by VKH and because MSI should be able to detect subtle RPE changes, we hypothesized that MSI might offer an opportunity to follow the retinal changes that occur during the development of this disease. In the study described here, we compared MSI findings in healthy controls with VKH patient groups representing the various clinical stages of this disease.
Materials and Methods
The study took place at the department of Ophthalmology of the First Affiliated Hospital of Chongqing Medical University. Patients with uveitis, visiting our department between January and April 2015, underwent an MSI (RHA; Annidis, Ottawa, Canada) examination. Multispectral imaging (MSI) was performed according to the manufacturer's instructions. Images were collected at 10 different wavelengths of light and were processed by the supporting software. Of the tested uveitis patients, 77 patients with VKH who had clear ocular media received a further workup consisting of FFA (Heidelberg Engineering Inc., Heidelberg, Germany), OCT (Heidelberg Engineering Inc.) and FP (Canon Inc., Canon, Japan). Indocyanine green angiography (ICGA; Heidelberg Engineering Inc.) was only performed occasionally as it is a time-consuming and expensive examination. Due to the financial constraints, we did not have sufficient ICGA records to include these data in this study. Multispectral imaging (MSI) was also performed in 163 healthy persons under the age of 30, who were randomly recruited from January to April 2015. We investigated the MSI characteristics in VKH patients and compared them with data obtained from healthy controls. Additionally, we compared the extent of exposure of choroidal blood vessels between patients with VKH and healthy controls using the same wavelength (590 nm) to evaluate retinal transmission function. The study was approved by the hospital ethics committee of the First Affiliated Hospital of Chongqing Medical University and conformed to the tenets of the declaration of Helsinki. Written informed consent was obtained for all participants.
Patients were diagnosed as VKH according to the international revised diagnostic criteria (Read et al. 2001a,b) and were divided into three groups based on the time period after disease onset (group 1: <2 weeks, group 2: 2 weeks, 2 months and group 3: >2 months), as described earlier (Yang et al. 2007 ). The clinical stage of the disease was determined by slit-lamp examination, funduscopy and imaging techniques including FFA, OCT and FP. The inactive stage of the disease was defined as an eye without detectable cells in the anterior chamber and the absence of inflammatory signs in the fundus. An active stage was defined when an eye presented with typical signs of inflammation seen in VKH including serous retinal detachment and/or optic disc swelling and the presence of cells in the anterior chamber. Multispectral imaging (MSI) results were reviewed by an independent observer who was not aware of the clinical details of the patient, and obtained data were compared with findings obtained by other fundus examination techniques.
The method of MSI image segmentation was performed according to the Li et al. (2015) criterion (Fig. 1) . The image was divided into three areas, marked A1, A2 and A3. A3 is a circle whose centre is located at the macular fovea with the same radius as the optic disc. A1 is a perpendicular and elliptical region centred on the optic disc, with the semidiameter of the minor axis which was equivalent to the distance from the centre of the optic disc to the edge of A3 and the diameter of the major axis which was equivalent to the interval distance between the top and bottom edges of the image. The remaining area of the image is labelled A2. Four grades (grade 0, grade 1, grade 2 and grade 3) were used to represent the condition of the choroidal vessels exposed in these three regions according to the exposure region using a 590 nm wavelength (Fig. 1) . Grade 0 represents no exposure of choroidal vessels. Grade 1 represents choroidal vessels exposed in A1. Grade 2 represents choroidal vessels exposed in A2. Grade 3 represents choroidal vessels exposed in A1, A2 and A3.
A serous retinal detachment appeared as a local fuzzy shadow in the lesion area under short wavelength and MSI showed a serous retinal detachment site at the RPE choroidal interphase and directly displayed an RPE lesion in the area using a long wavelength, whereas optic disc swelling presented as a swollen and tumefied optic disc which had no clear boundary with the surrounding tissues. With MSI, the longer wavelengths such as the red and infrared are absorbed by the deeper melanin in the RPE and choroid, and clumping of pigment is seen as dark spots. The overall background fundus reflection of inactive patients with depigmentation is brighter as compared to healthy controls ( Fig. 2A ,B,E and F). At this stage of the investigation, the MSI findings were graded as either being present or absent.
Data statistics
Analysis of data frequency (percentage) of each set of events between the various fundus imaging methods was compared using Fisher's exact test. Logistic regression was used with a pairwise comparison between groups. Statistical analysis was performed using STATA 13.0 (Stata Corp, College Station, TX, USA).
Analysis of data (number) of the exposure grade of choroidal vessels among the three VKH patient groups was compared using the KruskalWallis test with Bonferroni adjustment. Statistical analysis was performed using SPSS 22 (IBM Corp, Chicago, IL, USA).
Results
Of 77 patients with VKH who underwent a complete fundus workup including FFA, MSI, FP and OCT, 44 cases were male. The age ranged from 7 to 69 years (average: 36.6 AE 25.4 years, median: 36 years). The cases were divided into three groups (group 1: <2 weeks, group 2: 2 weeks, 2 months and group 3: >2 months) and contained three active cases seen within 2 weeks of disease onset, 16 cases with a disease duration between 2 weeks and 2 months of whom 11 were still active, and 58 cases with a duration of more than 2 months of whom six were still active. Of the whole group of patients, only eight were not using corticosteroids or immunosuppressive agents at the time of the MSI examination. There were 29 cases who only used corticosteroids while the remaining patients were taking a combination of corticosteroids and other immunosuppressive agents.
In most of the healthy controls, a shadow of the choroidal blood vessels began to appear around the optic disc, when images were tested using a wavelength of 590 nm. With an increasing wavelength, the appearance of the choroidal blood vessels became more prominent and finally, choroidal blood vessels could also be observed in the macular area. The background brightness of the image was defined as a 'normal' appearance which is probably due to the regular pattern of the RPE layer and underlying choroidal melanocytes in the eyes of these healthy individuals ( Fig. 2A,B) .
When comparing MSI images between healthy controls and patients with VKH, the following conclusions could be made. At a same wavelength (590 nm), exposure of choroidal blood vessels in inactive patients was stronger than in healthy controls and active patients (p < 0.01, p < 0.001; Table 1 ). In addition, the background brightness of the image was evenly distributed in controls, although at a same wavelength, the background of the image in inactive patients was brighter than that in healthy individuals, which is probably due to the destruction of fundus structures in the VKH eyes ( Fig. 2A ,B, E and F).
When examining the MSI pictures of 14 active patients who had a disease duration of <2 months (group 1-2), we mainly observed a serous retinal detachment at the RPE choroidal interphase, which was confirmed by OCT [ Fig. 3-(1) ]. In the MSI of six active patients with a disease duration of more than 2 months (group 3), we observed retinal detachments, but also depigmentation and clumping of pigment, which we interpreted as old lesions with atrophic scarring ]. In addition, five cases of the 20 active patients showed retinal folds. Radial folds from the optic disc and macular area were readily detected by MSI (Fig. 2C,D) . We compared the positive detection rate of the most common lesions found in our patients with VKH such as the incidence of serous retinal detachment and optic disc swelling by the various fundus imaging techniques used in 20 active patients with VKH. Eighteen of 20 patients showed serous retinal detachment, eight of whom were accompanied by optic disc swelling (Fig. 4) . The remaining two patients only showed optic disc swelling. Optical coherent tomography (OCT) was the most Fig. 1 . The method of grading exposure of choroidal blood vessels. The image was divided into three areas, marked A1, A2 and A3. A3 is a circle whose centre is located at the macular fovea with the same radius as the optic disc. A1 is a perpendicular and elliptical region centred on the optic disc, with the semidiameter of the minor axis equivalent to the distance from the centre of the optic disc to the edge of A3 and the diameter of the major axis equivalent to the interval instance between the top and bottom edges of the image. The remaining area of the image is labelled A2. According to whether above areas exist exposure of choroidal blood vessels or not, we grade all individuals.
sensitive technique, and FP was the least sensitive technique. Multispectral imaging (MSI) was the second sensitive technique and was equivalent to FFA (Table 2) .
When analysing the MSI characteristics in inactive VKH patients, we came to the conclusion that four main different pigment-related RPE abnormalities could be recognized in the fundus. These included the following features: (i) a general depigmentation, (ii) clumping of pigment, (iii) macular depigmentation and/or hyperpigmentation and (iv) extensive fine grainy depigmentation mottled with hyperpigmentation. Examples of these features and the dependence upon disease duration, disease activity or the presence of a sunset glow fundus will be illustrated in the examples described in the following section.
No abnormalities were observed when using green light (550 nm wavelength) MSI in five patients with inactive disease from group 2 (disease duration of 2 weeks, 2 months). When using infrared 3 light (760 nm wavelength) MSI in the same group, we observed mild pigment-related RPE abnormalities mentioned above. The background brightness of the image was normal [ Fig. 5-(1) ]. It is worth mentioning that OCT and FFA hardly display RPE abnormalities when testing inactive VKH patients with a disease duration <2 months if they obtained appropriate therapy, while when using MSI one can clearly observe RPE abnormalities.
In 52 inactive patients from group 3 (disease duration of more than 2 months), there were 30 cases with and 22 cases without a sunset glow fundus. In the MSI of 22 inactive patients without a sunset glow fundus, there were four patients who showed no abnormalities and 11 patients who showed a similar picture as seen in inactive patients from group 2, and three patients who showed obvious pigment-related RPE changes mentioned above when using a wavelength from 660 to 850 nm [ Fig. 5-(2) ]. In the remaining four patients not showing a sunset glow fundus by ophthalmoscopy, we observed a MSI that was similar to It is similar to images observed in VKH patients with sunset glow fundus. In addition to the mentioned above feature in patients with VKH, the fundus in this case appears to have a crack-like appearance. patients with a sunset glow fundus [ Fig. 5-(3) ]. The MSI of 30 patients with a sunset glow fundus was characterized as follows: with green light (550 nm wavelength) a massive choroidal vessel appearance around the optic disc was visible, while when using amber light conditions (590 nm wavelength), we saw pigment-related RPE changes as mentioned above [ Fig. 5-(4) ]. With an increase of the wavelength, the fundus changes were more likely to be detected. The overall background brightness of the image became stronger, which we attributed to the depigmentation (Fig. 2E,F) . Multispectral imaging (MSI) detected higher percentages of the above four features in patients with a sunset glow fundus as compared to those without this phenomenon (p = 0.0492, p < 0.0001; Table 3 ).
In the 52 patients with VKH from group 3 (disease duration of more than 2 months), MSI revealed depigmentation, clumping of pigment, macular depigmentation and/or hyperpigmentation and extensive fine grainy depigmentation mottled with hyperpigmentation in 67.3%, 75%, 84.6% and 63.5% of cases, respectively. The percentages of the first three features revealed by MSI were all significantly higher than when using FFA, OCT or FP (p = 0.0398, p < 0.0001; Table 4 ). The extensive fine grainy depigmentation mottled with hyperpigmentation could only be seen by MSI.
Discussion
The results presented in this paper show that MSI is a sensitive noninvasive method to monitor the RPE layer in VKH disease. With MSI, it is more likely to detect RPE abnormalities than when using FFA, OCT or FP. Due to the lack of a gold standard, we only compared the positive frequency rate of the various fundus imaging techniques and did not describe the use of MSI in terms of sensitivity or specificity for diagnosis of VKH disease.
Comparing healthy controls and patients with VKH, we found that at a same wavelength (590 nm), expression of choroidal blood vessels in inactive patients is stronger than in healthy controls and active patients. It means that retinal transmission function in inactive patients is higher than that in active patients and healthy controls, which may be due to the thinning retina and choroid in inactive patients and thickening retina and choroid in active patients (Rao 2007) . This result indicates that the fundus abnormalities of patients with VKH affect their retinal transmission function.
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In patients with active VKH, MSI revealed serous retinal detachment and optic disc swelling, findings that were also observed when using the other fundus imaging methods. Multispectral imaging (MSI) was less sensitive in detecting serous retinal detachment but more sensitive in observing optic disc swelling than OCT. These two features can occur in combination or separately in VKH (Okunuki et al. 2015) . Combined with FP and OCT images of serous retinal detachment, (Read et al. 2001a,b; Costa et al. 2006 ) the corresponding lesion locations could also be identified with MSI, where they presented as a fuzzy shadow. Due to the serous retinal detachment, various parts of the retina are not in the same plane, and under the same wavelength, the lesion appeared as a fuzzy shadow on MSI. Multifocal serous retinal detachments could be seen by FFA, where they appeared as hyperfluorescent dots at the RPE level that gradually stained the fluid in the subretinal areas (Moorthy et al. 1995; ArellanesGarcia et al. 2007) . Combined with the disc staining observed by FFA in combination with the hyperaemia and oedema of the optic disc seen by FP, (Moorthy et al. 1995; Arellanes-Garcia et al. 2007) we were able to interpret certain MSI images as disc swelling. These MSI images presented as a highlighted optic disc which had no clear boundary with the surrounding tissues. Thickening of the optic disc on OCT also corresponded with the appearance as seen by MSI (Costa et al. 2006) . Optical coherent tomography (OCT) appeared more sensitive in detecting retinal detachment when compared to MSI, whereas both techniques were equally sensitive in showing optic disc thickening.
Although MSI was not superior to other imaging techniques to detect retinal detachment or optic disc swelling, it was extremely useful to detect RPE abnormalities. In patients with inactive VKH, the percentages of RPE abnormalities were all significantly higher than when using FFA, OCT or FP. With MSI, we were able to detect an additional feature, not seen by the other fundus imaging techniques, which we characterized as an extensive fine grainy depigmentation mottled with hyperpigmentation. Additionally, MSI detected higher percentages of these four abnormalities in patients with sunset flow fundus as compared to those without this phenomenon.
Many of the fundus abnormalities in VKH can readily be observed with MSI. These abnormalities emerge on the images when the wavelength used increases from short to long. The range of possible wavelengths (550-850 nm) makes it a superior technique as compared to the use of colour fundus photographs, which has a limited wavelength range between 500 and 600 nm. Multispectral imaging (MSI) is also superior to OCT, which has a fixed wavelength of approximately 780 nm. Various fundus abnormalities seen in our VKH patients with MSI were not seen when using the ophthalmoscope. On the other hand, OCT remains a very sensitive technique and comparison of OCT versus MSI in the management of patients with VKH deserves further study.
Many of the abnormalities seen in the posterior segment of patients with VKH have already been described and interpreted following the use of FP, OCT and FFA, and further comparison of MSI data with results obtained with these other imaging techniques is necessary to reliably interpret the pictures yielded with MSI. Retinal pigment epithelium (RPE) abnormalities including general depigmentation, clumping of pigment and macular depigmentation and/or hyperpigmentation have been observed by FP, OCT and FFA, but as shown here, MSI is more sensitive in picking up these abnormalities. Thickening of the RPE layer as seen by OCT has been interpreted as clumping of pigment (Read et al. 2001a,b; Parc et al. 2005; Stark et al. 2005; Costa et al. 2006; Styles et al. 2006; Hassenstein & Meyer 2009; Everdell et al. 2010; VasconcelosSantos et al. 2010; Calcagni et al. 2011; Ha et al. 2014) . Blockade of choroidal fluorescence by FFA has also been interpreted as clumping of pigment at the RPE level (Arellanes-Garcia et al. 2007 ). Thinning of the RPE and choroidal layers as seen by OCT has been explained by the atrophy of RPE and choroid, leading to depigmentation of this area (Weiter et al. 1986; Costa et al. 2006; Rao 2007 ). The sunset glow fundus appearance, which is caused by a depigmentation of the choroid and RPE, is readily observed by FP (Moorthy et al. 1995; Rao 2007) . In addition, clumping of pigment dots can also be detected by FP (Moorthy et al. 1995) . The absorption properties of melanin and the fact that RPE cells normally contain a large amount of melanin granules cause the RPE to show up as a dark shadow when employing MSI (Stark et al. 2005; Styles et al. 2006; Everdell et al. 2010; Calcagni et al. 2011; Nazari et al. 2014) . Clumping of pigment will lead to dark spots in the MSI. Destruction of melanin due to the autoimmune process in the eyes of patients with VKH leads to depigmentation, which results in less light absorption that appears as a brighter background in the MSI picture (Stark et al. 2005; Rao 2007; Everdell et al. 2010; Calcagni et al. 2011 ). Higher percentages of the four MSI abnormalities as described abovewere foundin patients with sunset flow fundus as compared to those without this phenomenon and may be associated with the evolution of sunset glow fundus (Rao 2007) . Extensive fine grainy depigmentation mottled with hyperpigmentation appears a tiny particles of dark and light alternating in the fundus images obtained using the MSI technique. Interestingly, these abnormalities were also observed in one patient with sympathetic ophthalmia, but never in other types of uveitis (Fig. 2G,H ). This may be explained by the fact that VKH disease and sympathetic ophthalmia have several clinical, histopathological and immunohistochemical features in common (Rao 1997) .
Multispectral imaging (MSI) may be useful as an auxiliary test in retinal disease and examples describing the use of MSI include polypoidal choroidal vasculopathy, choroidal lesions in neurofibromatosis, hydroxychloroquine toxicity and Stargardt's disease (Gallego-Pinazo et al. 2013; Bhavsar et al. 2015; Pang et al. 2015; Zhang et al. 2015) . Retinal vein occlusion and retinal transmission function have also been studied by MSI (Li et al. 2015; Xu et al. 2015) . Furthermore, MSI appears equivalent to fundus autofluorescence (FAF) and near-infrared reflectance in identifying reticular pseudodrusen (RPD) in age-related macular degeneration (AMD) patients (Alten et al. 2014) . Fundus autofluorescence (FAF) has also been used to evaluate severity of VKH (Morita et al. 2016) , and we plan to compare FAF and MSI to observe RPE changes of patients with VKH in future studies. The study reported here adds to the various possible applications of MSI in the field of retinal diseases, although further research is needed to demonstrate whether this innovative technology deserves a place in everyday ophthalmic practice. 
